ABSTRACT. To investigate the genetic characteristics of phosphoprotein (P) and matrix protein (M) genes of variable rabies virus (RV) prevalent in Brazil, the authors genetically characterized the P and M genes from 30 Brazilian RV field isolates. Phylogenetic analysis based on the P and M genes revealed the presence of six RV variants that consisted primarily of three insectivorous bats, the vampire bat, dog and fox in Brazil. Specific amino acid substitutions corresponding to these phylogenetic lineages were observed, with Asp 42 and Glu 62 in the P protein found to be characteristic of Brazilian chiroptera-and carnivora-related RVs, respectively. Amino acid sequence motifs predicted to associate with a viral function in the P and M proteins were conserved among Brazilian RV variants. KEY WORDS: Brazil, genetic analysis, matrix protein, phosphoprotein, rabies virus.
Rabies virus (RV) is a member of the Lyssavirus genus, which belongs to the Rhabdoviridae family. Lyssavirus is characterized as having seven genotypes (GTs) comprising, rabies virus (GT 1), Lagos bat virus (GT 2), Mokola virus (GT 3), Duvenhage virus (GT 4), European bat lyssavirus type (EBL) 1 (GT 5), EBL 2 (GT 6) and Australian bat lyssavirus (GT 7). Lyssaviruses have approximately 12-kb of unsegmented negative-stranded genomic RNA for encoding the genes of the nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G) and polymerase (L).
RV has an almost global distribution and infects a wide range of mammalian species in which it causes a lethal form of encephalopathy. In Brazil, the principal RV transmitters to humans and domestic animals -dogs and vampire batshave caused serious problems in the public health sector and the livestock industry [6, 19] . In addition, RVs have been isolated from other animal species [8] . Previously, phylogenetic analyses targeting the N and G genes revealed that there were several RV variants which varied depending on the host species, which included vampire bats, insectivorous bats, dogs and foxes. Furthermore, RV isolates from cattle and frugivorous bats (Artibeus (A.) sp.) have frequently been typed as vampire bat-related RVs in Brazil [19, 25, 26, 41, 42, 44, 45] . Variability has also been reported in the G protein, a major contributor to the pathogenicity of the virus, in which several amino acid substitutions at antigenic sites associated with the pathogenicity and immunogenicity of the virus have been identified in Brazilian RV variants [41] . However, differences in the pathogenicity and antigenic characteristics of these Brazilian RV variants are not yet known. Recently, in addition to the G protein, both P and M proteins have also been reported to be associated with the pathogenicity of the virus [43] . The P protein forms a ribonucleoprotein (RNP) with N and L proteins, which then wraps around the viral RNA, and plays an important role in transcription and replication in conjunction with the L protein [3, 5, 11] . In addition, the P protein acts to counteract the host's interferon (IFN) responses in infected cells [1, 2] . The M protein is responsible for recruiting RNPs to the cell membrane, as well as their condensation into tightly coiled 'skeleton'-like structures [36] . In addition, the M protein is involved in viral assembly and budding, and is associated with regulating the balance between viral transcription and replication [9, 10, 20] . Furthermore, the M protein acts as a major inducer of apoptosis in neuronal cells [23] .
However, although P and M proteins have been demonstrated to have several important functions in viral infection, these investigations have all been conducted using laboratory-adapted strains. In addition, few studies on P and M proteins in wild-type RV strains have been reported to date [30, 31, 32, 33] , and no reports have genetically characterized the P and M genes in Brazilian RV isolates. In this study, we conducted genetic analyses of P and M genes of several RV field isolates prevalent in Brazil. [7, 27] (Table 1) .
MATERIALS AND METHODS

Viruses
RT-PCR and sequencing: RT-PCR and sequencing were performed as previously described [41] . The primers used for RT-PCR and sequencing for complete P and M genes are shown in Table 2 . Reference data used in the phylogenetic analysis are shown in Table 3 .
Phylogenetic analysis: Phylogenetic trees were generated using the neighbor-joining method of Saitou and Nei [40, 46] . Mokola virus was used as an outgroup. Bootstrap values were calculated using 1,000 replicates, and homologies and multiple alignment between nucleotide and deduced amino acid sequences were identified using BioEdit software [14] .
Hydropathic profiles: The hydropathic profiles were characterized using the Kyte and Doolittle parameter (GENETYX Version 6.0.3, Software Development, Tokyo, Japan).
RESULTS
The ORF of the P gene contained 894 nucleotides encoding 297 amino acids in the most of the RV isolates studied, while isolates BR-Pfx3 and BR-Pfx4 contained 906 nucleotides encoding 301 amino acids, as well as raccoon RV isolates from the U.S.A. (NY.RAC and FL.RAC), and BRPfx5 contained 891 nucleotides encoding 296 amino acids, as well as dog RV isolates from Asia (l15.DG, V113.DG and V118.DG) (Fig. 1) . The similarities between the nucleotide and amino acid sequences within the Brazilian RV isolates were greater than 77.5% and 80.6%, respectively.
A phylogenetic tree based on partial P genetic data revealed two large genetic clusters (Fig. 2) . One cluster consisted of chiroptera-related RV isolates and could further be divided into several monophyletic lineages according to host bat species. The other cluster consisted mainly of carnivora-related RV isolates, and was further divided into several lineages according to geographic origin and the host species. Some skunk and raccoon RV isolates from North America were placed in outlying lineages of the chiropterarelated RV cluster.
Brazilian RV isolates consisted of six RV variants which were associated with specific host species; the three insec- (Fig. 2) . In addition, Brazilian carnivorarelated RVs formed a monophyletic cluster and were divided into dog-and fox-related RV lineages. Based on multiple alignments of P protein amino acid sequence data, two conserved domains (CD1 and 2) comprising positions 1-50 and 201-245, respectively, and two variable domains (VD1 and 2) comprising positions 61-80 and 134-180, respectively, have been identified [30, 32] . These conserved and variable domains were observed in the Brazilian RV isolates of this study (Fig. 1) . Specific amino acid substitutions corresponding to the phylogenetic lineages were observed throughout the P protein, as the result that Asp 42 and Glu 62 were found to be retained among Brazilian chiroptera-and carnivora-related RV isolates, respectively. The distribution of amino acid substitutions was particularly concentrated on the VD2, in which the hydropathic profiles associated with specific RV variants were observed in the hydrophilic region (data not shown).
The lysine-rich motif, FSKKYKF, which was identified as an important component of C-terminal N protein-binding [22] , was conserved in amino acids 209-214 in all Brazilian RV isolates analyzed (Fig. 1) . The binding site for the cytoplasmic light chain of dynein (LC8), which is involved in viral nucleocapsid axoplasmic transport [21, 39] , has been reported as the RSSEDKSTQTTGR sequence of amino acids 139-151 in the P protein of the PV strain [38] . However, Lo et al. reported that the consensus sequence (K/ R)XTQT is the common target-accepter of LC8 [28] . In this study, the consensus sequence of Brazilian RV isolates was K(S/A)TQT encoded by amino acids 144-148. In addition, Ser 145 was found to be conserved predominantly carnivorarelated RV isolates while Ala 145 was predominant in chiropteran-related RV isolates. Phosphoacceptors associated with protein kinase C (PKC) or RV protein kinase (RVPK) were identified as Ser 63 , Ser 64 , Ser 162 , Ser 210 and Ser 271 in the P protein of the CVS strain [13] . The phosphoacceptors associated with PKC, Ser 162 , Ser 210 and Ser 271 , were retained in all Brazilian RV isolates, while those of RVPK, Ser 63 and Ser 64 , were not. Ser 63 was retained in Brazilian carnivora-related RVs, and was substituted by Pro 63 in Brazilian chiroptera-related RVs. Ser 64 was retained in Brazilian fox-and chiropterarelated RVs, and was substituted by Pro 64 in Brazilian dogrelated RVs. Of the four methionine residues located inframe of the single P protein sequences, Met 20 , Met 53 , Met 69 and Met 83 , all have been shown to translate four proteins of various lengths in the CVS strain [4] ; Met 20 and Met 83 were conserved in all Brazilian RV isolates.
The ORF of the M gene contained 609 nucleotides encoding 202 amino acids in Brazilian RV isolates (Fig. 3) . The similarities between the nucleotide and amino acid sequences in the Brazilian RV isolates exceeded 82.4% and 92.5%, respectively. As with the analysis of the P gene, phylogenetic trees based on the ORF of the M gene revealed two large genetic clusters, one chiroptera-and one carnivora-related RV cluster, containing six Brazilian RV lineages associated with the host species and geographic distributions (Fig. 4) . Some raccoon RV isolates from the U.S.A. were placed within outlying lineages to the chiroptera-and carnivora-related RV clusters. Specific amino acid substitutions associated with host species were found scattered throughout the sequences of the M protein, for example Met 7 , Ile 22 , Asn 80 , Leu 82 , Ala 148 , Leu 184 and Asp 192 were all retained in vampire bat-related RVs (Fig. 3) . However, the hydropathic profiles did not differ significantly among the Brazilian RV isolates (data not shown). The proline-rich motif (PPxY motif), which interacts with the WW domain of cellular proteins [15, 16] , formed consensus sequence PPEY at amino acids 35-38 in all Brazilian RV isolates.
DISCUSSION
Phylogenetic analyses based on the P and M genes revealed the existence of several Brazilian RV variants corresponding to phylogenetic analyses targeting the viral N and G genes [19, 25, 26, 41, 42, 44, 45] . Phylogenetic analysis showed two clusters consisting of chiroptera-or carnivora-related RV isolates. The chiroptera-related RV cluster was further divided into several lineages depending on host bat species, with four Brazilian chiroptera-related RV lineages observed. While several Brazilian fox RV isolates were characterized as encoding either extended or deleted P proteins, these formed a monophyletic cluster with other Brazilian carnivora-related RVs encoding general P protein length, and did not group with carnivora-related RV isolates from other regions that encoded P proteins of different length. In addition, specific amino acid substitutions with respect to host species and geographic origin were found. Taken together, these findings suggest that phylogenetic analyses using these two genes are capable of identifying epidemiological characteristics of Brazilian RVs. Conservation of the P protein in Brazilian RV isolates was low, with two conserved (CD1 and 2) and two variable domains (VD1 and 2), which corroborates the findings of Nadin-Davis et al. [30, 32] . Variable amino acid substitutions characteristic of Brazilian RV variants occurred at high frequencies in the variable domains, and this was reflected in the hydrophilic regions of the observed hydropathic profiles. Additionally, the LC8-binding motif, involved in viral nucleocapsid axoplasmic transport [21, 39] , formed consensus sequence K(S/A)TQT in the VD2 region. With the exception of several RV isolates, the Ser and Ala differences were observed in the consensus sequences of isolates from either the carnivora-or chiroptera-related RV isolates, as reported by Nadin-Davis et al. [32] . The variable domains thought to be located on the surface structure of the P protein have been suggested to be involved in host/viral interactions and adaptation to the host environment [31, 32] . Our results support this hypothesis and studies of the variable domains are expected to be useful in elucidating the adaptive evolution of the virus.
At least 2 independent site of the P protein that confer N protein-binding activity have been identified; one is located within the N-terminal half of the protein, and another within 50 residues of the C-terminus [3, 11] . The first 19 N-terminal residues of the P protein confer L protein-binding ability, as does the N-terminal region containing the L proteinbinding site [5] . Conserved domains contain N and L protein-binding sites and the conserved lysine-rich motif, FSKKYKF, which is an important component in N proteinbinding [22, 32] . These two conserved domains containing the lysine-rich motif were observed in all Brazilian RV isolates, supporting the hypothesis that they may be essential to activities such as granule formation and general functioning of the virus.
Phosphorylation of the P protein is essential for transcription to occur in the vesicular stomatitis virus (VSV) [18] , which belongs to the Rhabdoviridae family. In five serine residues which constitute the phosphoacceptors in the P protein of the CVS strain [13] , Ser 210 and Ser 271 within the PKC phosphoacceptor target were notably conserved in all lyssavirus genotypes (GT 1 to 7) [32] , including the Brazilian RV variants examined in this study. Studies on VSV and paramyxovirus have shown that P gene-encoded multiple proteins are important in the viral replication cycle and pathogenicity of the virus [12, 24, 37] . The four methionine residues located in-frame of single P protein sequences are translated into four proteins of various lengths with no known function in the CVS strain [4] . Nonetheless Met 20 has been retained in all lyssavirus genotypes [32] and conservation of Met 20 was observed in all Brazilian RV variants. Notably these conserved amino acid residues in the wild-type RVs are likely to be associated with important viral functions. Further laboratory research of these conserved amino acid residues would facilitate the identification of the biological characteristics of potential functions in wild-type RVs.
The M protein binds to the RNP core, and collaborates with the viral G protein in the infected cells to produce progeny virions by budding at the cell membrane [34, 35] . The M protein is also required for the development of a typical bullet-shaped rhabdovirus [29] . Consequently, the M protein is involved in binding to several viral components. In this study, although the M protein exhibited RV variantassociated amino acid substitutions, the hydropathic profiles conformed closely with each other. In addition, the PPxY motif, which interacts with the WW domains of cellular components [15] , was conserved in all Brazilian RV variants. Laboratory-adapted and carnivora RV strains from North America have been characterized as having identical hydropathic M-protein profiles [17, 30] , suggesting that the primary structure of the M protein may be important for the retention of viral structure and function.
The present study reveals that Brazilian RV isolates possess sufficient variability with respect to host species and geographic origin, while retaining conserved sequences (motifs) thought to be associated with a viral function in the P and M genes of RV. Studies on wild-type RVs are likely to increase our understanding of the relationship between the virus and the host, as well as the biological characteristics of the virus in the wild. Such genetic data would be helpful in investigating pathogenicity associated with RV.
